Consequently, the functional status of 36 male orthotopic cardiac transplant recipients was assessed at entry to and at the end of a 16 month training program. The initial status of the patients was compared with the findings in 45 age-matched male volunteers.
Methods
Because only 44 patients were entered into the study, and because they were taking a variety of immunosuppressive and other drugs, it was not feasible to randomize them into intervention and control cohorts. Averaged changes in measurements for the entire group thus provided the basis for our conclusions.
To encourage compliance with a lengthy exercise training program in patients already obligated to frequent invasive reassessments, only noninvasive testing was used.
Patients. A total of 44 patients (all but one male) were initially enrolled. Two of the group died during the study, one CIRCULATION 10 Arterial carbon dioxide pressures were estimated from the end-tidal CO2 and tidal volume and the standard downstream correction was applied to the mixed venous figure, always based on a true plateau.
Exercise training regimen. Workouts were preceded by a 20 min muscle-stretching routine. The main prescribed activity was walking, initially 1.6 km five times weekly, at an intensity based on the results of the stage I test with respect to 60% to 70% peak oxygen intake (VO2max), the ventilatory anaerobic threshold, and a perception of effort of 14 on the Borg scale. The initial average pace varied between 1 1 and 14 min/km. The distance was then increased by 1.6 km every 2 weeks, maintaining the same pace until, by 6 weeks, the patient was walking 4.8 km five times weekly. The pace was then quickened by 1 min per 1.6 km until the 4.8 km was accomplished in 45 min (typically within 4 months of starting the program). Thereafter, 45 m bouts of slow jogging paced at 7.5 min/km were introduced every 800 m, 400 m, 200 m, and so on until ultimately the entire 4.8 km was completed in 36 min. The distance was then extended in stages by 400 m, the aim being to have the patient jogging 6.4 km in 48 min five times weekly by the eighth month of the program.11 12 The training regimen recognized that angina could not warn of myocardial ischemia and that the sluggish response of the denervated heart to effort rendered pulse counting less accurate as a measure of exercise intensity. Thus, accurate pacing, thorough familiarity with the Borg concept of perceived exertion, and correct interpretation of such symptoms as excessive dyspnea, unusual fatigue, lightheadedness, and extrasystoles were of paramount importance. The possibility of episodes of rejection or infection retarding progress was an additional concern.
Statistical methods. Because the normal subjects were ageand sex-matched, differences in response to exercise between them and the patients could be evaluated by t tests for groups of unequal size. Training responses were evaluated by paired t tests. Since our experience has shown differences in responses between patients covering longer and shorter distances, 13-15 we subdivided data for the 36 patients on this basis.
Results
Compliance. Few workouts were missed because of injuries or other medical setbacks. The average length 164 of time on the program was 16 + 7 months. All patients progressed to walk/jogging an average distance of 24 km/wk, at an average pace of 8.5 min/km. The eight most highly motivated achieved 32 km or more a week, at an average pace of 6.5 min/km. One of these entered and finished the 42 km Boston marathon 12 months after joining the program and 15 months after undergoing the transplantation procedure. 16 The findings for the eight were compared with the results in the remaining 28 patients.
Body composition. Body masses of the patients were lighter than those of the age-matched controls, even allowing for the latter's greater height (table 1) . The patients had a lower percentage of body fat, but the differences in body mass were largely attributable to a lesser lean mass.
After training, the patients had increased their body mass by 4 kg without significant increase in body fat, implying an increase in lean mass (table 2) .
Exercise test results. A total of 250 exercise tests were performed without incident; all stage I tests were continued to voluntary exhaustion.
Initial assessment (stage I test). Initial cardiorespiratory responses before training were typical of the denervated heart. 17-' Resting heart rates were higher (p < .001) and peak exercise heart rates lower (p < .001) than in the age-matched normal subjects (table 3) .
Resting systolic and diastolic pressures were higher in the patients than in the normal subjects (p < .001), showed that the former were 6 years younger (p < . (00)1) and had a higher average resting (p < .00 1) and peak exercise (p < .001) heart rate. Nevertheless, their peak heart rates were lower than those of the age-matched normal subjects (p < .001), ( At the same time, the peak heart rate was significantly increased in both highly compliant (p < .001) and moderately compliant patients (p < .001; table 5). Nevertheless, the final resting heart rates remained higher (p < .001), and the final peak heart rates lower (p < .001), than in the age-matched normal subjects (table 5) .
Resting systolic and diastolic blood pressures for all patients were significantly reduced (p < .001), as were peak diastolic pressures (p < .001), so that at the end of the conditioning program differences from normal were no longer significant. However, the peak systolic pressure and the peak double product did not change significantly, remaining less than in the normal subjects (p < .001; table 5).
At the final assessment, the average relationship of submaximal heart rates to midrange power outputs showed a small reduction in the group as a whole (figure 1). However, there was no change in the 28 moderately compliant patients, whereas in the eight highly compliant patients the effect was quite large (average, 7 beats/min, range 5 to 10; figure 2). Interestingly, the patient who completed the Boston marathon, averaging 65 km weekly in the final months of training, showed the response closest to a true training bradycardia.16 Since the relationship of V02 to power output in all patients, including the highly compliant eight, was unchanged during submaximal effort (figure 3), this reduction in submaximal heart rate could not have been due to an improvement in mechanical efficiency on the ergometer. There was also an overall and significant marked reduction in the rating of perceived exertion (figure 4), VE (figure 5), and diastolic blood pressure (figure 6) at equivalent power outputs. FIGURE 4. Relationship of rating of perceived exertion to power output before and after conditioning (n = 36, mean ± SD). *p < .05; **p < .01; ***p < .001.
While six of the highly compliant patients reached an oxygen plateau after training, only 15 of the remaining 28 patients did so. Nevertheless, there was a notable overall increase of 27% in VO2max (change of +4.2 ± 5.9 ml.kg.min-1, p < .001), which was again larger (54%) in the eight highly compliant patients (change of + 10.9 ± 5.6 mlkg.min-1, p < .001) than in the remaining 28 patients (change of +2.7 ± 5.1 ml.kg.min-1or 20%, p < .001) (table 6). Gains in peak power output were even more marked, 64% and 43% for the subgroups, respectively (changes of +68 ± 42W,p< .001; and +43 ± 30W,p< .001), with all patients exercising to a larger respiratory VE and a higher maximum heart rate after training. FIGURE 6 . Relationship of diastolic blood pressure responses to power output before and after conditioning (n = 36, mean + SD). *p < .05; **p < .01; ***p < .001.
Since change in respiratory gas exchange ratio (NS), and peak rating of perceived exertion ( ranging from an average of 107 beats/min at age 29 to 80 beats/min at age 52 years.23? 24 Given that the averDiscussion age age of the donors in this study was 24 years, and
Human physical work performance is impaired after that care was taken to familiarize our patients with the cardiac transplantation,20 in contrast to the perforexercise test protocol, it seems reasonable to assume mance of the denervated dog heart.2' Improvement by that the high resting heart rates we observed are nodal exercise training seems a reasonable approach. Howand not due to anxiety. Assuming a normal peripheral ever, correct interpretation of any improvement appardemand for blood flow, the resting tachycardia implies ently associated with training must be viewed in the a small stroke volume, and therefore during light exerlight of initial baseline responses of the transplanted cise the Frank-Starling mechanism can produce a subhuman heart to exercise, as well as the possibility that stantial increase of cardiac output. However, during any such changes are due to spontaneous recovery. more accelerated coronary artery narrowing,3' or the side effects of immunosuppressive drugs. 28 The patients had 6 kg less lean tissue mass than the age-matched normal subjects, which was likely the result of prolonged preoperative physical inactivity. This reduction in muscle mass undoubtedly plays a major role in limiting maximum exercise performance. Partly because of this peripheral limitation and partly because of low peak heart rate and peak blood pressure, the V02max of our patients was only about two-thirds of that in the normal age-matched population. Consequently, early fatigue is experienced during exercise, thus discouraging future effort and leading to a vicious circle of further loss of lean tissue and more fatigue.
Exercise responses after training. Since the incidence of rejection episodes or coronary atherosclerosis was minimal or absent in our group, we believe we are justified in disregarding these factors as playing any significant part in our findings.
The changes observed in association with training included an increase of lean tissue, peak power output, peak heart rate, peak VE, and V02max, together with a reduction in resting systolic and diastolic blood pressures and resting heart rates, the latter more marked in those patients who attained a regular weekly training distance of 32 km or more. There was also a significant reduction in peak diastolic blood pressure.
At all levels of submaximal effort, there was an overall reduction in diastolic blood pressure, VE, and rating of perceived exertion, but no change in mechanical efficiency or submaximal cardiac output. Submax- imal heart rates were reduced only in those who attained the greatest training distances. Since it was not possible to organize a matchedcontrol series, it could be argued that part of the changes were due to natural recovery. However, we do not believe this to be the case. Previously published reports17 18 have not shown any spontaneous change in cardiac function after cardiac transplantation. Moreover, our initial and final data do not show any significant correlation with the interval between operation and entry into the study.
There are several possible explanations for these responses. In normal subjects, training increases vagal inhibitory tone at rest, while sympathetic tone is decreased at submaximal elfort.32 Such a mechanism for bradycardia cannot occur in the denervated heart, as substantiated by observations in the trained cardiac denervated dog33 and in exercise-trained human cardiac transplant patients.22' 34 Reinnervation has not been reported to occur in association with the human orthotopic transplant, and there was no evidence of reinnervation in our patients. It has been shown, however, that the denervated heart develops an increased sensitivity to circulating catecholamines . The mechanism seems to be an increase in myocardial /-receptor density and/or affinity. [36] [37] [38] There is also evidence that vigorously exercise-trained normal subjects and even postmyocardial infarction patients develop a significant reduction in effort-induced levels of serum norepinephrine.394 Measurements of circulating catecholamines were not made in the present study, but if such a reduction occurred as a result of our training regimen, it could explain the training bradycardia seen in the eight highly compliant subjects. Another possibility is that the high compliers experienced a "downregulation" in sensitivity of cardiac /3-adrenoreceptors.
This occurs in both rats and humans exposed to vigorous training,41-43 and correlates closely with increases in V02max.
The entire group's increase in peak exercise heart rate could largely be due to a strengthening of the leg muscles. This peripheral adaptation would account for the improved power output, and because of a later onset of anaerobiosis, the reduced perception of effort and VE during submaximal exercise. The lack of change in cardiac outputs over the period of training argues against any central improvement, although it is tempting to infer that the reduction in peak and submaximal diastolic blood pressures toward normal values is an indication of improved myocardial compliance.
In conclusion, while it seems that a number of mechanisms interacted to varying degrees in bringing about a training effect in our transplant patients, strengthening of the peripheral muscles appeared to play the major role, and it achieved this by allowing the healthy transplanted heart to realize its full physiologic and functional potential. In the final analysis, the ability of the cardiac transplant patients to attain jogging distances of between 24 and 32 km/week and power outputs of up to 170 W on the cycle ergometer implies that exercise training has considerable potential for improving the quality of life of such patients.
